Introduction
Epilepsy is a chronic condition characterized by recurrent unprovoked seizures. Presently, there is no specific drug for preventing or curing epilepsy (Jacobs et al., 2009 ). The mechanisms underlying the development of acquired epilepsy are not very well understood. The term "epileptogenesis" is used to describe the complex plastic changes in the brain that, after a precipitating event, convert a normal brain into a brain debilitated by recurrent seizures (Pitkänen et al., 2009 ). Limbic epilepsy is caused by diverse precipitating factors such as brain injury, stroke, infections, or prolonged seizures. William Gowers (1881) proposed that "seizures beget seizures." The kindling model has provided a conceptual framework for this idea and for developing new molecular targets for preventing epilepsy (Goddard et al., 1969; McNamara et al., 1992) . Kindling is the most widely used model of epileptogenesis in which repeated stimulation, subthreshold for motor seizures, of limbic structures triggers progressive intensification of behavioral and electrographic seizure activity and, therefore, shares many features with human complex partial seizures (Löscher, 2002) . The fully kindled state allows studying its persistence weeks or months after development. Earlier studies with mirror foci illustrate the same principle for epileptogenesis in humans (Morrell and deToledo-Morrell, 1999) .
Progesterone (P) has antiseizure properties and plays an important role in epilepsy. Women with epilepsy are prone to seizures in response to decreased levels of P during perimenstrual periods (Herzog et al., 1997; Reddy, 2009) . However, the molecular mechanism of action of P in seizure activity is not fully understood. The cellular actions of P are mediated by the progesterone receptor (PR), a member of the nuclear receptor superfamily of transcription factors (Li and O'Malley, 2003) . The PR exists in two isoforms, PR-A and PR-B, that are transcribed from the same gene but perform distinct cellular functions (MulacJericevic et al., 2000; Conneely et al., 2002) . PRs are expressed in the brain with high levels in the hypothalamus and moderate levels in the limbic areas (Parsons et al., 1982; Auger and De Vries, 2002) . PRs are widely distributed in the hippocampus (Kato et al., 1994; Alves et al., 2000; Brinton et al., 2008) , but their physiological significance remains unclear. The seizure protection of P is undiminished in PR knock-out (PRKO) mice and occurs mainly by its conversion to 5␣-pregnane-3␣-ol-20-one [allopregnanolone (AP)], a neurosteroid modulator of GABA A receptors (Reddy et al., 2004) . Therefore, P and neurosteroids may regulate neuronal plasticity and seizure susceptibility (Herzog et al., 1997; Reddy et al., 2001; Maguire and Mody, 2009 ). However, the functional importance of PRs in mechanisms that underlie seizure susceptibility is poorly understood. We hypothesize that P regulation of seizure susceptibility occurs via activation of PRs in the hippocampus, a region associated with limbic epilepsy that has both PR subtypes.
In the present study, we investigated the role of PRs in limbic epileptogenesis and tested the above hypothesis in the kindling paradigm with multiple approaches for the intervention of the PR pathway. Our results suggest that mice with a targeted deletion of PRs or a selective knockdown of PR expression in the brain exhibit a markedly decreased propensity for the development and persistence of kindling epileptogenesis, indicating a crucial role of PRs in seizure susceptibility.
Materials and Methods
Animals. Adult female mice (3-5 months of age) weighing ϳ25-30 g were used in the study. The generation of PRKO (PR Ϫ/Ϫ ) and heterozygous (PR ϩ/Ϫ ) mice by a PR-null mutation has been described previously (Lydon et al., 1995; Reddy et al., 2004) . PRKO mice lack both the PR-A and PR-B isoforms that are transcribed by the PR gene. These mice were maintained in a hybrid C57BL/6129SV background. The mice were housed in an environmentally controlled animal facility under a 12 h light/dark cycle and allowed ad libitum access to food and water, except during the experimental sessions. Genotype was confirmed by PCR using mouse tail genomic DNA (Reddy et al., 2005a) . The constitutive PRKO mice grow normally to adulthood with the exception of some reproductive abnormalities because of the lack of PRs (Lydon et al., 1995; Chappell et al., 1997 Chappell et al., , 1999 . In addition to the PRKO mouse model, we used two other approaches for the intervention of the PR pathway: (1) PR antisense oligonucleotides in wild-type (WT) (PR ϩ/ϩ ) mice and (2) the PR antagonist 11␤-[p-(dimethylamino)phenyl]-17␤-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (RU-486) in WT mice. All procedures were performed in strict compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals under a protocol approved by the Institutional Animal Care and Use Committee.
Hippocampus and amygdala kindling development. The development of kindling epileptogenesis and its preservation were assessed by hippocampus or amygdala kindling (He et al., 2004; Reddy and Jian, 2010) . Mice were anesthetized by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg), and a stimulation-recording bipolar electrode (Plastics One) was stereotaxically implanted in the right basolateral nucleus of the amygdala (1.3 mm posterior, 3 mm lateral to bregma, and 4.6 mm below dura) or in the right ventral hippocampus (2.9 mm posterior, 3.0 mm lateral, and 3.0 mm below dura) using the Franklin and Paxinos (1997) atlas. The electrode was anchored with dental acrylic to three small screws placed in the skull. After a postoperative recovery period of at least 1 week, the electrographic seizure threshold or afterdischarge (AD) was determined by an application of a 1 s train of 1 ms biphasic rectangular pulses at 60 Hz, beginning at 25 A. Additional stimulations increasing by 25 A were given at 5 min intervals until an electrographic AD lasting at least 5 s was detected using the digital EEG system (Astro-Med). Kindling stimulations (1 ms pulses, 60 Hz frequency, 1 s duration) were applied following standard protocol consisting of once-daily stimulation at 125% of AD threshold using an isolated pulse stimulator (A-M Systems). The day of AD determination was considered day 1 of kindling. Stimulations were delivered daily until stage 5 seizures were elicited on 3 consecutive days. The AD duration was acquired from the amygdala or hippocampal electrode using Axoscope 8.0 software (Molecular Devices). Behavioral seizures were rated according to Racine's scale (Racine, 1972) , as modified for the mouse: stage 0, no response or behavior arrest; stage 1, chewing or facial twitches; stage 2, chewing and head nodding; stage 3, forelimb clonus; stage 4, bilateral forelimb clonus and rearing; stage 5, falling. Kindling is a permanent phenomenon and an intense seizure can be elicited weeks or months after kindling development. Four weeks after inducing stage 5 kindling, mice were tested for persistence of the kindling state by administration of an additional stimulation in a current-escalating manner until the occurrence of stage 4 or 5 seizures. Mice with electrode implanted but nonstimulated are used as sham controls.
Rapid hippocampus kindling. Rapid kindling is a model of epileptogenesis that allows accelerated evaluation of experimental manipulations during the progression of epilepsy induction (Lothman and Williamson, 1993; Sankar et al., 2010) . The rapid kindling procedure was similar to the conventional kindling described above except that stimulations were applied every 30 min until mice exhibited consistent stage 5 seizures. This procedure has been used extensively as a model of compressed epileptogenesis as an alternative paradigm to the conventional kindling models (Sankar et al., 2010) .
Neurosteroid assay. Animals were anesthetized with isoflurane, and ϳ0.5 ml of carotid blood was collected in heparinized tubes. The plasma was separated by centrifugation at 12,000 ϫ g for 10 min and stored at Ϫ20°C. The concentration of the neurosteroid AP was analyzed by liquid chromatography-tandem mass spectrometry, as previously described (Reddy et al., 2005b) . Briefly, a 0.2 ml plasma sample was added to a tube containing evaporated internal standard. The steroid and internal standard were extracted with 4 ml of hexane. Each sample was analyzed using the atmospheric pressure chemical ionization technique under acidic conditions. Plasma concentrations of P were analyzed by an immunoassay. The detection limit of the assay was Ͻ0.2 ng/ml.
PR immunohistochemistry. An affinity-purified anti-PR antibody was used for immunohistochemical identification of PR expression in the brain (Mani et al., 1996; Reddy et al., 2005a) . Mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture and perfused via the ascending aorta with 20 ml of saline followed by 100 ml of 0.1 M PBS, pH 7.4, containing 4% paraformaldehyde. The brains were removed and postfixed overnight in 4% paraformaldehyde, equilibrated for 48 h in 20% sucrose in PBS at 4°C, and stored at Ϫ75°C. Serial cryostat sections (30 m) were cut coronally through the cerebrum containing the amygdala nuclei and the hippocampus. Every first, second, third, fourth, and fifth sections of each series of five were collected separately. The sections were incubated in PBS containing Triton X-100 and normal serum for 1 h and then in the PBS containing an anti-PR polyclonal antibody (Dako; 1:500) for 3 d at 4°C. The immunoreaction product was then detected according to the avidin-biotin complex method (Hsu et al., 1981) using the Vector Elite kit (Vector Laboratories). After thorough washing, sections were mounted on gelatin-coated slides, dehydrated in ethanol, and cleared in xylene. The specificity of the primary antibody was checked by omission of the anti-PR antibody or omission of the secondary antibody. Nissl staining was used to visualize cells in the second set of sections. The regions were selected according to Franklin and Paxinos (1997) . Bright-field images were acquired digitally on a Nikon microscope under identical optical conditions at various magnifications.
Antisense administration. PR antisense treatments were given chronically via intracerebroventricular microinfusion in the lateral ventricle in WT mice. Phosphorothioated antisense (5Ј-AC-TCA-TGA-GCG-GGG-ACA-ACA-3Ј) oligonucleotides were used to block both PR isoforms as previously described (Mani et al., 1994) . The missense oligonucleotide to PRs (5Ј-AC-ACC-GAG-ACT-CTG-GAC-GTT-3Ј) was used as a control. Apart from a bipolar electrode in the hippocampus, a 26 gauge guide cannula (Plastics One) was stereotaxically implanted into the lateral ventricle (coordinates in mm from bregma: anteroposterior, Ϫ0.5; lateral, ϩ1.5; dorsoventral, Ϫ1.0) of mice for antisense oligos administration. After a period of at least 1 week of recovery, dual-implanted animals were subjected to kindling. HPLC purified antisense oligos (IDT) were dissolved in sterile saline. Mice received 10 nmol of antisense or missense oligos by slow intracerebroventricular infusion once daily, ϳ20 h before kindling stimulations. The efficiency with which PR antisense oligos blocked expression of PRs was evaluated in Western blots ϳ20 h after treatment.
Western blotting. Western blot analysis of PR expression in the hippocampus and cortex was performed using an affinity-purified rabbit polyclonal antibody that detects both PR-A and PR-B isoforms in mice (Santa Cruz). Hippocampi were homogenized in RIPA buffer (Pierce), and the extracted protein (100 g) was loaded onto 10% Tris-HCl gels and subjected to electrophoresis. Blots were then transferred to a polyvinylidene fluoride membrane (Bio-Rad). Membranes were blocked in 5% nonfat milk at room temperature for 1 h. Membranes were then incubated with a PR antibody (1:200 dilution) or a ␤-actin antibody (1:1000 dilution) at 4°C overnight. Membranes were washed and incubated with an anti-rabbit antibody (1:1000) conjugated to HRP for 1 h. PR bands (116 kDa) were detected using ECL reagent (PerkinElmer). ␤-Actin was used as internal control.
Drug treatment. In P treatment studies, P (25 mg/kg) was injected subcutaneously 30 min before initiation of kindling. Our preliminary studies and published reports show that this dose activates PRs and results in transcription induction (Matsui et al., 2002) . In studies using finasteride, P was given 1 h before finasteride treatment. P (25-100 mg/kg) was also tested in fully kindled mice showing stage 5 seizures. To determine the inhibition by P of the expression of kindled seizures, the mice underwent a 3 d test protocol. On day 1, they were verified to exhibit stage 5 seizures. On day 2, a subcutaneous P injection was administered 30 min before stimulation. On day 3, the animals were stimulated again without P pretreatment. During each test session, the behavioral seizure score and the AD duration were recorded as indices of drug efficacy. P, finasteride (Steraloids), and other drugs were dissolved in aqueous 15% ␤-cyclodextrin. By itself, ␤-cyclodextrin at concentrations as high as 50% failed to affect kindling seizures. RU-486 (25 mg/kg, i.p.) was given 30 min before kindling stimulations in WT mice. ␤-Cyclodextrin and other reagents were procured from Sigma-Aldrich.
Data analysis. Group data were expressed as mean Ϯ SEM. The normal distribution of kindling data was confirmed by the KolmogorovSmirnov normality test. The Kruskal-Wallis ANOVA and Mann-Whitney U test were used to analyze significant differences in seizure stages between WT and PRKO mice. Significant differences in AD durations between genotype and treatment groups were assessed by Student's unpaired t test, repeated-measures ANOVA, or one-way ANOVA followed by Dunnett's t test. Dose-response curves and their ED 50 values were analyzed for significance using the Litchfield and Wilcoxon test. Differences were considered statistically significant at p Ͻ 0.05.
Results

Neuroendocrine and hippocampus morphological characterization
To examine likely compensatory neuroendocrine changes in PRKO mice attributable to the lack of PRs, we determined baseline plasma levels of P and AP in PRKO mice. P levels between WT and PRKO mice showed no significant difference at baseline (Fig.  1A ) or after exogenous P (25 mg/kg) administration (3.1 Ϯ 0.53 g/ml, WT, vs 3.5 Ϯ 0.81 g/ml, PRKO mice). Baseline levels of the P-derived neurosteroid AP did not differ significantly between genotypes (Fig. 1B) but were significantly elevated to a similar extent in PRKO and WT mice after P treatment (Fig. 1C) . Consistent with previous reports (Parsons et al., 1982; Kato et al., 1994) , PR-immunoreactive neurons were observed in the hypothalamus, hippocampus, amygdala, and neocortex in WT mice, but PR immunoreactivity was undetectable in the brains of PRKO mice (Fig. 1D) , confirming a deletion of PRs in the brain. To verify morphological changes in the PRKO mouse brain, we performed a series of cytochemical studies with Nissl-stained sections. Histological analysis revealed normal architecture of the ventral and dorsal hippocampus ( Fig. 1 E, H ) , amygdala (Fig. 1F) , neocortex, and hypothalamic regions in PRKO mice. The distribution of neurons in the basolateral region of the amygdala was similar between genotypes (Fig. 1G) . The pyramidal cell layers at the CA1 and CA3 subfields, and hilar and granule cells of dentate gyrus in the PRKO mouse appeared normal, and were similar to age-matched WT control (Fig. 1H,I ). Thus, compensatory increases in levels of P or neurosteroids, and hippocampal abnormalities were not evident in PRKO mice.
PRKO mice are resistant to hippocampus kindling epileptogenesis
To determine the role of PRs in susceptibility to epileptogenesis, we studied the development and retention of hippocampus kindling in PRKO mice. The progression of electrographic AD seizures, behavioral seizures, and the rate of kindling were recorded as main indices of epileptogenesis (Fig. 2) . PRKO mice showed a significant resistance to the development of kindling epileptogenesis, as evident in the increased number of stimulations re- were similar between WT and PRKO mice, but AP levels were significantly elevated to a similar extent after P (25 mg/kg, s.c.) injection (C). Data represent mean Ϯ SEM (n ϭ 8 -12 animals per group). D, Lack of immunoreactive PR expression in PRKO mouse brain. E, Nissl-stained sections of WT and PRKO mice reveal no overt abnormalities in the cytoarchitecture of the ventral hippocampus. F, The distribution of Nissl-stained neurons in the basolateral amygdala (BLA) was similar in WT and PRKO mice. G, The BLA region is enlarged to show the distribution of neurons. H, The cytoarchitecture of the dorsal hippocampus is similar between genotypes. I, Nissl-stained neurons within the dorsal hippocampus CA1, CA3, and dentate gyrus (DG) regions were similar in WT and PRKO mice. Scale bars: D, 25 m; E, 1000 m; F, H, 400 m; G, I, 75 m.
quired to elicit behavioral seizures compared with WT controls (Fig. 2 A) . Measures of evoked electrographic characteristics revealed a significant inhibition of AD duration in PRKO mice (Fig.  2 B, D) . As shown in Figure 2C , the rate of kindling, expressed as ulations required to achieve various seizure stages was significantly delayed in PRKO mice ( Table 1 ). The duration of the initial AD was similar in WT and PRKO animals at 14 Ϯ 2 and 11 Ϯ 2 s, respectively (Fig. 2 D) . No significant differences in the current that was required to trigger the initial AD were evident between genotypes (85 Ϯ 10, 89 Ϯ 11, and 95 Ϯ 13 A in WT, heterozygous, and PRKO mice, respectively). To determine the role of PRs in the permanency of kindling epilepsy, we determined a stimulation current-response relationship in WT and PRKO mice, 4 weeks after kindling development. The threshold current needed to evoke stage 4/5 seizures in PRKO mice (366 Ϯ 22 A) was significantly higher than in WT controls (131 Ϯ 25 A). Thus, mice lacking PRs are relatively resistant to hippocampus epileptogenesis and impaired in its retention.
Antisense knockdown of PRs in WT mice decreases epileptogenesis
To further confirm the role of PRs in epileptogenesis, we used PR antisense oligos for selective inhibition of PRs in WT mice. There was an almost complete (ϳ95%) knockdown of PR protein expression in the hippocampus ϳ20 h after intracerebroventricular (10 nmol) administration of antisense oligos in the lateral ventricle in WT mice (Fig. 2 E) . Behavioral and electrographic seizure progression was shown in Figure 2 , F and G. PR antisense-treated WT mice showed marked resistance to development of kindling epileptogenesis compared with PR missense-treated WT controls. The rate of kindling was strikingly slower in the animals that received antisense oligos (Fig. 2 H) . The mean number of stimulations required to achieve various seizure stages was strikingly delayed in PR antisense-treated WT mice (Table 1) . No significant group differences in initial AD duration were observed. Significant increases were identified in the current required to trigger the AD ϳ20 h after treatment with PR antisense oligos in WT mice (67 Ϯ 13 and 190 Ϯ 34 A in missense and antisense groups, respectively). However, there was no change in mean threshold for expression of stage 4/5 seizures 4 weeks after kindling. In a parallel experiment, RU-486 treatment caused a seizure resistance response in WT mice, as evident from significant inhibition in the rate of kindling for inducing stage 5 seizures (12 Ϯ 0.4, vehicle, vs 18.5 Ϯ 1.5, RU-486), suggesting that a blockade of PRs impairs epileptogenesis. RU-486 blocks PRs as well as glucocorticoid receptors (GRs). To compare the progression of epileptogenesis in the PRKO model with other approaches, the actual rate of kindling (seizure stage per stimulation) was calculated in the three approaches for the intervention of the PR pathway. As shown in Figure 2 I-K, the decrease in the rate of kindling relative to that in controls was comparable in the three models. Thus, the delayed epileptogenic responses in WT mice with antisense knockdown of PRs are similar to that in PRKO mice.
PRKO mice exhibit resistance to amygdala kindling epileptogenesis
To ascertain whether kindling deficits were specific to the hippocampus or also occur in other limbic structures, we performed amygdala kindling in PRKO mice. PRKO mice showed marked suppression of the development of behavioral seizures (Fig. 3A) and shorter AD duration (Fig. 3B) than WT controls. As illustrated in Figure 3C , the rate of kindling for achieving stage 5 seizures was significantly delayed in PRKO mice (18 Ϯ 1.2) compared with WT mice (11 Ϯ 1.4) and heterozygous littermates (12.7 Ϯ 1.2). The average value of threshold current for inducing an initial AD did not differ significantly between WT (326 Ϯ 32 A) and PRKO mice (456 Ϯ 44 A). Kindling was maintained in both groups at 4 weeks after development. However, the threshold current for induction of stage 4/5 seizures at 4 weeks after kindling development was significantly higher in PRKO (579 Ϯ 78 A) than in WT (289 Ϯ 35 A) animals, and the currentresponse relationship was shifted toward the right from that of the WT controls (Fig. 3D) . Thus, development and persistence of amygdala kindling epileptogenesis are markedly impaired in PRKO mice.
PRKO mice exhibit reduced epileptogenic-like response in rapid kindling
To further elucidate the role of PR mechanisms in susceptibility to epileptogenesis, we used "rapid" kindling as a model of acute epileptogenesis, which is the process of epilepsy induction by stimulation every 30 min, rather than a once-daily stimulation in regular kindling. PRKO mice exhibited striking impairment of hippocampus epileptogenesis induced by rapid kindling ( (Fig. 4C) . No significant differences in the current required to evoke the initial AD were evident between genotypes (116 Ϯ 22, 75 Ϯ 9, and 110 Ϯ 23 A in WT, heterozygous, and PRKO mice, respectively). To determine the role of PRs in the retention of rapid kindling epileptogenesis, PRKO mice were tested for seizure expression 1 week after rapid kindling. The mean current threshold for evoking stage 4/5 seizures was significantly higher in PRKO mice (596 Ϯ 54 A) than WT mice (229 Ϯ 22 A). Thus, the overall rapid kindling profile is similar and comparable with the profile of regular kindling showing PR-mediated epileptogenesis.
Relative roles of PRs and neurosteroids in hippocampus epileptogenesis
To explore mechanisms underlying the observed seizure resistance, we investigated the role of neurosteroids using finasteride, a 5␣-reductase inhibitor that blocks the synthesis of P-derived neurosteroids. We determined the rate of rapid kindling in control WT and PRKO mice, and in mice that had received injections of P (25 mg/kg) with or without concurrent finasteride (50 mg/ kg) treatment (Fig. 4C ). P produced a significant delay in the rate of kindling in WT mice, compared with their control groups. Pretreatment with finasteride blocked the inhibition by P of kindling epileptogenesis in WT mice, but such treatment produced no significant change in the rate of kindling in PRKO mice compared with control responses or P treatment alone (Fig. 4C) , which is consistent with a contributory role of P-derived neurosteroids in seizure resistance in WT animals. The mean values of P-induced AP levels (WT, 116 Ϯ 15; PRKO, 123 Ϯ 22 ng/ml) were significantly reduced after finasteride treatment (WT, 18 Ϯ 3; PRKO, 22 Ϯ 3 ng/ml). Thus, inhibition of neurosteroids could shift the balance, such that the activation of PRs by P could trigger mechanisms that may promote epileptogenesis.
Mice lacking PRs are supersensitive to the protection by P against kindled seizures
To determine the antiseizure sensitivity of P in mice lacking PRs, we tested the effect of P in fully kindled PRKO mice. The antiseizure activity of P was undiminished in PRKO mice compared with WT controls (Fig. 5 A, B) . However, there was a substantial increase in the sensitivity of P in PRKO mice, as the doseresponse curve for the antiseizure effect of P was significantly shifted in a parallel fashion to the left from that of WT animals ( Fig. 5 A, B) . The ED 50 values of P suppression of seizures evoked by hippocampus kindling in WT and PRKO groups are 63 Ϯ 5 and 12 Ϯ 2 mg/kg, respectively. Moreover, the plasma levels of AP achieved at various doses of P treatment were similar between PRKO and WT mice (Fig. 5C ), indicating that P sensitivity was not attributable to pharmacokinetic factors. To further extend the above findings, we also determined the sensitivity of P in fully kindled WT mice after inhibition of PR expression by antisense (10 nmol, i.c.v.) treatment. P caused increased inhibition of kindled seizures in WT mice treated with PR antisense oligos (ED 50 , 11 Ϯ 2 mg/kg) compared with missense controls (ED 50 , 71 Ϯ 6 mg/kg). Moreover, the antiseizure sensitivity of P was found to be enhanced in WT mice treated with RU-486 (ED 50 , 28 Ϯ 6 mg/kg), compared with their vehicle controls (ED 50 , 50 Ϯ 15 mg/kg). Thus, the enhanced antiseizure effect of P is related to a lack of PRs in the brain.
Discussion
The present study shows that animals with a targeted deletion of PRs or a selective knockdown of PR expression in the brain are less prone to epileptogenesis. The persistence of this epileptic-like excitability condition was also impaired in mice lacking PRs. The key observations of this study are as follows: (1) PRKO mice exhibit striking impairment of development and persistence of hippocampus epileptogenesis, (2) PRKO mice exhibit marked impairment of development and persistence of amygdala epileptogenesis, (3) selective inhibition of PRs in the brain inhibits the development of hippocampus kindling in WT mice, (4) the delayed epileptogenesis in PRKO mice is not prevented by inhibition of neurosteroid synthesis, and (5) PRs mediate proconvulsant effects since P exhibits supersensitivity in mice lacking PRs. Collectively, these results indicate that the PR pathway plays an important role in promoting epileptogenesis, long-term stability of this epileptic-like state, and modulating the ability of P to suppress seizures. However, there are certain caveats that must be considered in regards to the interpretation of these findings. First, the results apply only to the kindling models used in this study. Second, this study supports the role of PRs in limbic epileptogenesis to the extent that kindling development represents a model of epileptogenesis. The lack of antiepileptogenic efficacy of antiepileptic drugs phenytoin and carbamazepine in patients is highly consistent with studies in the kindling model (Silver et al., 1991; Löscher, 2002) , supporting its validity as a model of epileptogenesis. Previous studies by Morrell and deToledo-Morrell (1999) with mirror foci as a special form of secondary epileptogenesis in humans underscore similar principles of progressive epileptogenesis.
PRs affect neuronal plasticity and epileptogenesis
Our results provide clear evidence that the induction and persistence of hippocampus and amygdala kindling are markedly disrupted in mice lacking PRs. Focal electrographic AD is required for induction of epileptogenesis in the kindling model (Goddard et al., 1969; Albertson et al., 1984) . The delayed kindling development in PRKO mice is not attributable to differences in focal electrographic seizures because the duration of evoked AD was similar among WT and PRKO mice during the early stimulation session. However, the progressive increase in duration of the AD seizure activity with successive stimulations was significantly attenuated in PRKO mice. There was no significant difference in the baseline behavioral seizure activity during the early stimulation sessions. Moreover, PRKO mice respond normally to seizures induced by chemoconvulsants such as kainic acid, pilocarpine, and strychnine (Reddy and Mohan, 2010) . These results indicate that the structural and functional connections that are required to exhibit behavioral and electrographic seizures are normal in the PRKO mice. Nevertheless, the plasticity that is required for transforming a normal brain to an epileptic brain in the kindling model was delayed or attenuated in the PRKO mice. Although PRs are not directly involved in the antiseizure effects of P (Reddy et al., 2004) , they appear to play a role in P sensitivity, because P had increased antiseizure potency in PRKO mice. The present findings raise some important issues. First, because the PRKO mouse model cannot distinguish the two PR receptor isoforms (Lydon et al., 1995) , it remains unclear whether the seizure susceptibility response is attributable to the PR-A or PR-B subtypes. Given that both isoforms are present in the hippocampus, future studies will determine their relative roles in seizure susceptibility. Second, the PRKO mouse model may have alterations in gene networks that provide functional compensation during the development. However, no major abnormal neuronal phenotype has been identified in mice carrying a null mutation of the PR gene other than pleotropic reproductive deficiencies (Lydon et al., 1995; Chappell et al., 1997) . The delayed kindling development in PRKO mice is not attributable to compensation by PR gene network signaling in the brain because (1) the current required to evoke an AD was similar in the WT and PRKO mice, (2) no significant difference was noted between WT and PRKO in the duration and amplitude of the AD evoked by the first stimulation, and (3) the behavioral seizure development increased correspondingly with the steady progression of electrographic seizures in both genotypes. Moreover, kindling persistence is lower in PRKO mice. It is unlikely that this deficit is attributable to retarded kindling development because the number of stimulations required to reach the kindled state do not affect its retention (Dennison et al., 1995) . In addition, antisense knockdown of PRs in the hippocampus confers inhibition of kindling development in WT mice, confirming the role of PRs in limbic epileptogenesis.
Pharmacological blockade of PRs by RU-486 is associated with inhibition of epileptogenesis. The main caveat with RU-486 is lack of specificity for selective inhibition of PRs because it also blocks GRs, which facilitate seizure activity. However, RU-486 modulation of epileptogenesis may not be related to its ability to block GRs because previous studies have demonstrated that RU-486 has no effect on electrical or chemically induced seizures and amygdala-kindled seizures in animals (Mohammad et al., 1998; Borowicz et al., 2002; Persad et al., 2004) , but it effectively blocks the GR agonist corticosterone facilitation of seizure activity (Talmi et al., 1995; Zhou et al., 2010) . Furthermore, the RU-486 experiments were performed without any exogenous P administration. Therefore, there is little possibility that P, at physiological Figure 5 . Increased P antiseizure sensitivity in PRKO mice. Dose-response curves for P (25-100 mg/kg, s.c.)-induced suppression of behavioral seizure stage (A), AD duration (B), and elevation of plasma AP levels (C). Mice were kindled as described in Figure 2 A and were tested when they had exhibited the fully kindled state. Vehicle or P was injected subcutaneously 30 min before stimulation or plasma sample collection. Each point represents the mean Ϯ SEM (n ϭ 6 -9 mice per group). *p Ͻ 0.05 versus WT mice. levels, act on other receptors in addition to PRs that could affect seizures.
P regulates seizure susceptibility via PRs: pathophysiological implications
The mechanisms underlying PR-mediated epileptogenesis remain unclear. The mechanisms involved in epileptogenesis involve an interaction of acute and delayed anatomic, molecular, and physiological events that are both complex and multifaceted (Walker et al., 2002) . Neuronal injury activates diverse signaling events, such as inflammation, oxidation, apoptosis, neurogenesis, and synaptic plasticity, which eventually lead to structural and functional changes in neurons (Löscher, 2002; Pitkänen et al., 2009 ). These changes are eventually manifested as abnormal hyperexcitability and spontaneous seizures. PRs, as transcription factors, are most likely to regulate GABA A receptor subunit plasticity in the hippocampus (Reddy et al., 2004) . PRs may promote epileptogenesis by influencing synaptic plasticity and tonic inhibition in the hippocampus dentate gyrus, which is considered a gate for the excitability loop during epileptogenesis (Edwards et al., 2000; Maguire et al., 2005) . PRs undergo ligand-independent activation by certain neurotransmitters (Mani and Portillo, 2010) . It is likely that such signaling mechanisms may be involved in PR-mediated seizure susceptibility. P may modulate epileptogenesis by activation of PRs and conversion to neurosteroids, which have anticonvulsant and antiepileptogenic properties (Holmes and Weber, 1984; Kokate et al., 1999; Lonsdale and Burnham, 2003; Biagini et al., 2006; . This possibility is evaluated by inhibiting the synthesis of AP using the 5␣-reductase inhibitor finasteride. Inhibition of AP synthesis could shift the balance, leading to unrestrained P actions via PRs that may trigger neural events, which ultimately leads to increased epileptogenesis. Consistent with this notion, WT mice treated with finasteride showed enhanced susceptibility to epileptogenesis because of likely PR facilitation of seizure activity during the milieu of low neurosteroid levels. The resistance to epileptogenesis in PRKO mice was not completely inhibited by finasteride, providing compelling evidence that the observed differences in epileptogenesis are mediated by PRs. Moreover, neurosteroids can also modulate PRs via metabolism of analogs that bind to PRs (Rupprecht et al., 1993) . Together, it is suggested that P regulates seizure activity through two parallel pathways: (1) binding to PRs and (2) conversion to neurosteroids such as AP. Relative seizure resistance in mice lacking PRs or finasterideinduced increase in seizure susceptibility in WT mice is consistent with such dual pathways. These mechanisms may be relevant to the pathophysiology of catamenial epilepsy (Scharfman and MacLusky, 2006; Reddy, 2009; Gangisetty and Reddy, 2010) .
In conclusion, this study demonstrates that PRs play an important role in the development and persistence of limbic epileptogenesis. These findings suggest that selective functional interventions for PRs in the hippocampus may provide unique approaches to prevent epileptogenesis in females. Additional understanding of the molecular mechanisms and the gene networks regulated by PRs in the hippocampus may provide broader insights on how PRs influence neuronal excitability at developmental periods such as puberty, menstruation, and menopause.
